Using Affigel Blue and oxamate-agarose affinity chromatography, lactate dehydrogenase (LDH) was purified 2000-fold from hypoxically induced barley roots. Molecular weights of the native and sodium dodecyl sulfate-denatured LDH protein were 157 and 40 kilodaltons, respectively, indicating a tetramer. Purified barley LDH was very similar in size and kinetic properties to potato LDH. However, their amino acid compositions differed substantially and antibodies raised against barley LDH did not cross-react with potato LDH on immunoblots, implying that the barley and potato LDHs are not closely related proteins. In vivo [IS] methionine labeling and immunoprecipitation experiments indicated that hypoxia increased the rate of LDH protein synthesis, and immunoblot analysis showed that LDH protein levels rose during hypoxia. We conclude that increased enzyme synthesis plays a major part in the induction of LDH enzyme activity by low 02 levels in barley roots.
(5) so that the roles of LDH in plants may differ from those in animals. Thus, Davies et al. (6) have hypothesized that in the first minutes of hypoxia, lactic acid-produced by constitutive LDH-leads to cytoplasmic acidification which in turn triggers ethanol glycolysis. In vivo NMR data from Roberts et al. (23) provide strong support for this. On the other hand, Hanson and Jacobsen (8) showed that barley aleurone tissue has hypoxically inducible LDH activity, and that following LDH induction lactate was a significant end-product of glycolysis. This suggested that inducible LDH could be important to survival of prolonged hypoxia. Consistent with this idea, we recently demonstrated that LDH activity is induced up to 20-fold by hypoxia in roots of barley and other cereals (10).
Hypoxically induced LDH activity comprises five isozymes in barley (10) and in most accessions of its wild relative Hordeum spontaneum (NE Hoffman, AHD Brown, AD Hanson, unpublished results). These five-banded isozyme profiles are consistent with the presence of two LdA genes, whose products (LDH 1 and LDH2) combine to form a set of five tetramers (Ref. 10, Fig. 5) .
We report here a rapid and efficient method for purifying the LDH induced by hypoxia in barley roots, and describe some properties of this enzyme. We also show that induction of LDH involves increased synthesis of LDH peptides.
MATERIALS AND METHODS Plants for Enzyme Isolation. Seeds ofbarley (Hordeum vulgare L., cv Robust or Barbless) were surface sterilized for 30 min in 1% (w/v) NaOCI, rinsed thoroughly in distilled H20, and evenly spread over nylon mesh (1.6 mm mesh size) supported on wooden frames (200 ml of seeds per 30 x 30 cm frame). The frames were covered with a layer of plastic wrap and a layer of foil and set over a foil-wrapped basin filled with distilled H20 and sparged with air. After 4 d in the greenhouse, the germinating seedlings were uncovered and distilled H20 was replaced with half-strength Hoagland solution, which was thereafter changed weekly. After 3 weeks, LDH activity was induced by discontinuing aeration for 1 week, and roots were then harvested. LDH activity was induced to approximately 0.7 IU/g fresh weight by this procedure. Each frame yielded 15 to 20 g dry weight ofroots (1 g dry weight = 14 g fresh weight).
Enzyme Extraction. Fresh barley root tissue in bulk could not be effectively ground with a blender or a Polytron homogenizer and much LDH activity was lost. However, LDH could be efficiently recovered from freeze dried roots as follows. Unless otherwise indicated, operations were at 0 to 4°C. Buffer pH values refer to room temperature. Harvested roots were rinsed well with water, blotted dry, frozen in liquid N2, and lyophilized. Dried roots (6 g) were ground at room temperature in a Wiley mill to mesh size 20, collecting the powder directly into a centrifuge bottle containing 150 ml of ice cold extraction buffer consisting of 0.1 M Tris/acetate (pH 8.8), 10 mm Na borate, 5 mM DTT, and 2 mM EDTA. The slurry was briefly stirred and then centrifuged for 15 min at 20,000g; the supematant was filtered through Whatman No. 4 paper. Reextraction was deemed unnecessary as a second extraction contained only 25% of the activity of the first extraction, and the specific activity was 40% lower.
Affigel Blue Affinity Chromatography. Columns of Affigel Blue (8 x 2.5 cm, 40 ml bed volume) were washed with 200 ml of equilibration buffer consisting of 40 mm Tris/acetate (pH 8.8), 2 mm EDTA, and 0.5 mm DTT. Filtered root extract containing up to 400 mg of protein was run onto each column at 2 ml/min. Columns were washed with 500 ml of 40 mm Tris/acetate (pH 7.9), 0.3 M KCl, 2 mM EDTA, and 0.5 mm DTT at a flow rate of 5 ml/min. LDH activity was eluted using 150 ml of the same buffer containing 0.15 M KCI and 0.5 mg/ml NADH (Sigma, Grade II), at a flow rate of 1.5 ml/min. Fractions (5 ml) were collected and assayed for LDH activity. Because the pH of the elution buffer was critical, this buffer was prepared fresh. Afligel Blue columns were regenerated by washing with 100 ml of 2 M guanidine HCI (Sigma, Commercial Grade), 250 ml of water, 100 ml of 40% (v/v) isopropanol containing 0.1 M acetic acid (adjusted to pH 3), and again with 250 ml of water. The Affigel Blue was then transferred to a beaker, stirred with equilibration buffer for at least 15 min, and repacked. The adsorbent was discarded after five to nine cycles of regeneration.
Oxamate-Agarose Affinity Chromatography. Active fractions from Affigel Blue were concentrated 25-fold by ultrafiltration (Amicon PM-30 membrane), diluted in 10 volumes of buffer containing 50 mm K-phosphate (pH 7.4), 0.3 M KCI, 0.5 mm DTT, and 50 ,ug/ml NADH (OA buffer) and reconcentrated by ultrafiltration. The sample (up to 1.5 mg of protein) was loaded onto an oxamate-agarose column (Sigma, 1 ml bed volume) previously equilibrated with OA buffer. The column was washed with 10 ml of OA buffer, and LDH was eluted with 6 ml of OA buffer without NADH. In some cases, 0.3 M ammonium formate (pH 7.4), was used in place of K-phosphate plus 0.3 M KCI in OA buffer, with comparable results. The eluate was concentrated with Amicon Centricon-30 microconcentrators, and either used immediately for antiserum production or mixed 1:1 with glycerol and stored at 4°C. The adsorbent was regenerated using 2 M guanidine HCI followed by washing with water and OA buffer. Antiserum Preparation. LDH protein (70 ,ug) was diluted to 0.5 ml with 10 mm phosphate buffered saline (pH 7.4), mixed with 0.5 ml of complete Freund's adjuvant and injected intramuscularly into the hind legs of a New Zealand White rabbit. Booster injections containing 50 ,g of LDH in incomplete Freund's adjuvant were made in multiple sites 9, 16, and 30 d later. Serum was collected 8 d after the fourth injection. The IgG fraction was purified using DEAE-Affigel Blue (Bio-Rad) according to the manufacturer's instructions, and concentrated by ultrafiltration to the same volume as the serum from which it was prepared.
Amino Acid Analysis. Purified barley LDH in ammonium formate buffer was lyophilized and hydrolyzed in 6 N HCI for 1 h at 150°C. Amino acids were prepared and analyzed by the procedures of (25).
Mol Wt Determinations. Mol wt was determined by PAGE under nondenaturing conditions according to Hedrick and Smith (9) , and by SDS-PAGE. For nondenaturing PAGE, induced roots were the enzyme source, and LDH isozymes were detected by specific staining as described (8); markers were carbonic anhydrase, ovalbumin, BSA, and sweet potato 3-amylase. SDS-PAGE was carried out according to Laemmli (16), using a separating gel of 13% acrylamide. Markers were glyceraldehyde-3-P dehydrogenase, BSA, ovalbumin, carbonic anhydrase, trypsinogen, trypsin inhibitor, and a-lactalbumin. Protein bands were stained with Coomassie brilliant blue R250. Mol wts of individual LDH native PAGE (10), cutting out bands stained for enzyme activity, electroeluting, rerunning on SDS-PAGE, and immunoblotting as described below.
In Vivo I35SlMethionine Labeling. Barley (cv Himalaya) plants were grown hydroponically and roots were hypoxically induced as described (10) (2, 3, 12, 22) . Precipitation with PEG 6000 (10-20%) gave 80% recovery and a 3-fold purification in small-scale tests, but was unsuited for large-scale work because LDH activity was lost during the long centrifugations needed to recover the pellet from large volumes of extract. Crude extract was therefore applied directly to the first affinity column, Affigel Blue.
Affigel Blue bound LDH very effectively. With fresh adsorbent up to 30 mg of protein could be applied per ml of packed column, but an upper limit of 10 mg was routinely adopted. Elution with NADH gave up to 70% recovery of LDH activity; recovery was strongly pH-dependent (Fig. 1) . The optimum pH in the presence of 0.5 mg/ml NADH was 7.9. In the absence of NADH at pH 7.9, LDH eluted at 0. and elution, the best overall yields ofLDH activity were obtained at pH 7.4 (Fig. 1) . Recoveries ofLDH activity from the oxamateagarose step were generally 60 to 70%, with a 20-to 30-fold purification; the protein obtained migrated as a single band on SDS-PAGE (Fig. 2) . Table I summarizes a typical purification, starting from 30 g dry wt ofroots. The yield was 84 pug ofprotein, overall recovery was 50%, and the entire procedure required 12 h for completion.
Characterization of LDH Protein. SDS-PAGE indicated a mol wt of 40 kD for barley LDH; direct comparison with potato LDH purified in our laboratory showed no mol wt difference between the two enzymes (Fig. 2) . The LDH activity in root extracts, used as starting material for purification, resides in five isozymes (10), separable by native PAGE. When purified LDH mixed with BSA was run on native PAGE, LDH activity migrated as a broad zone spanning the positions of the set of five isozymes, but individual isozyme bands could not be resolved (not shown). This diffuse pattern may be due to sensitivity of the purified enzyme to degradation during electrophoresis, since no LDH activity at all could be stained on gels loaded with sample minus BSA. Because 50% recoveries of LDH were achieved during purification, and because no single isozyme is likely to contribute more than 30% of the total activity (Fig. 5) , it is probable that our purified LDH preparations were mixtures of several isozymes.
Electrophoretic determination of the native mol wt gave a value of approximately 157 kD (Fig. 3) , which is consistent with a tetrameric holoenzyme, as in potato (21, 22) . The data of Figure 2 indicate that all subunits have equal mol wt. This was confirmed directly by taking LDH isozymes from three regions of a native gel, rerunning them on SDS-PAGE, and detecting the LDH peptides by immunoblotting (Fig. 4) . All isozymes gave a single band in the same position in the gel.
The amino acid composition of barley LDH is compared with those of potato LDH and two porcine LDHs in Table II After separation by nondenaturing PAGE, gel regions corresponding to isozymes 1, 3, and 5 were cut out and the proteins they contained were rerun on SDS-PAGE. LDH peptides were detected after SDS-PAGE by transfer to nitrocellulose and immunoblotting. latter differs from the animal enzymes for several amino acids (e.g. Ala, Gly, Ile, Lys, Arg, Ser), implying that the two plant LDHs are not closely related. However, since both barley and potato enzymes were presumably mixtures of isozymes, it is possible that some similarities among individual isozymes are obscured. Despite the disparity in amino acid composition, the pH optima and kinetic constants for barley LDH were similar to those reported for potato LDH (Table III) . Taken as a whole, the kinetic data for the barley enzyme are consistent with function as a pyruvate reductase, which appears to be its main role in vivo (10).
Immunoblot Analyses. To test whether the anti-LDH IgG recognized all isozymes of LDH, extracts of induced roots were were also present in aerobic roots). Because the intensities of these bands were generally correlated with that of the 40 kD band, they are likely to be in vitro or in vivo degradation products of LDH although the possibility that they are irrelevant crossreacting proteins cannot be ruled out.
In Vivo 13"SIMethionine Labeling. To investigate whether the increased level of LDH peptides in induced roots was associated with enhanced LDH synthesis, the pattern of protein synthesis was compared in aerobically grown or hypoxically induced roots under air and 1% 02, respectively (Fig. 7) . The hypoxic roots incorporated approximately half as much tracer [35S]methionine into protein as aerobic roots. Anti-LDH IgG specifically precipitated 3.1% of the labeled protein from the hypoxic treatment, and 0.7% from the air treatment. The immunoprecipitates contained three major labeled bands corresponding to the three bands that were specifically detected on immunoblots (Fig. 6 ).
All three bands were more heavily labeled in the hypoxic treatment. We infer that hypoxia increases LDH activity and protein level, at least in part, via an increase in the rate of synthesis of LDH peptides. An increase in labeled immunoprecipitated protein in hypoxic roots could also result from a slowed rate of LDH degradation during hypoxia. However, in in vitro tests of this idea (10), LDH stability in crude extracts of induced roots was not reduced by mixing with extracts of aerobic roots.
